In order to elucidate the molecular mechanism(s) for BCL6 translocation, we identi®ed translocational partner genes by subjecting clinical biopsy samples from patients with non-Hodgkin's lymphoma to 5'-rapid ampli®cation of cDNA ends (5'-RACE). Sequence analysis of the 5'-RACE product revealed that the BCL6 gene was fused to the J segment of the immunoglobulin heavy chain (IgH) gene in about half of the cases, but in the other half, it was fused to heterologous partners, including the MHC class II transactivator (CIITA), pim-1, eukaryotic initiation factor 4AII (eif4AII), transferrin receptor (TFRR) and ikaros genes. Since analyses using genomic long and accurate (LA) ± PCR revealed that the breakpoints in the partner gene were con®ned to the ®rst intron or the second exon in all cases, the promoter and the ®rst exon of the BCL6 gene were replaced by the promoter and the ®rst or both the ®rst and second exon of the partner gene. The breakpoint¯anking sequences had no recombination signal sequences (RSSs) or chi sequences and were homologous with the switch region only when the BCL6 gene was fused to the IgH gene, suggesting that BCL6 translocation cannot be explained solely by mistakes of V(D)J, or chi-mediated or classswitch recombination, but rather another mechanism may also be required to explain the molecular mechanism for the promiscuous BCL6 translocation.
Introduction
The BCL6 gene was identi®ed on the translocation breakpoint involving 3q27 in diuse large B-cell lymphomas (DLBLs), which are the commonest subtype of non-Hodgkin's lymphoma (NHL) (Kerckaert et al., 1993; Ye et al., 1993; Miki et al., 1994a) . As BCL6 gene rearrangement has been reported to occur in 20 ± 50% of DLBLs, alterations of this gene are thought to be responsible for the pathogenesis of DLBLs. Further analyses revealed that the breakpoints are clustered in the ®rst intron of the BCL6 gene and that the 5'-sequences of the BCL6 gene, including the promoter and non-coding ®rst exon, are replaced, by translocation, with sequences derived from the translocational partner chromosome (Ye et al., 1993 (Ye et al., , 1995 Miki et al., 1994b; Baron et al., 1993; Suzuki et al., 1994) . Accordingly, it has been hypothesized that the substituted promoter causes transcriptional dysregulation of the BCL6 gene (Ye et al., 1995; Chen et al., 1998) .
On the other hand, in the other subtypes of NHL, dysregulation of oncogenes, such as c-myc, BCL1 or BCL2 gene, by translocation is believed to be an underlying cause of lymphomagenesis. Because c-Myc, BCL1 (Cyclin D1) and BCL2 proteins have been known to promote cell growth or inhibit apoptosis (Gaidano et al., 1998; Zutter et al., 1998) , dysregulation of these oncogenes may bring about a growth advantage or a survival advantage to lymphoma cells. Furthermore, dysregulation of the c-myc gene by t(8;14) in Burkitt's lymphomas (BLs), the BCL1 (PRAD1) gene by t(11;14) in mantle cell lymphomas (MCLs) and the BCL2 gene by t(14;18) in follicular lymphomas (FLs) has been explained to result from the juxtaposition of these oncogenes either at the 5'-or 3'-ends of the transcriptional regulatory elements of the immunoglobulin heavy chain (IgH), Igk or Igl gene (Gaidano et al., 1998; Dalla-Favera et al., 1982 , 1983 Taub et al., 1982; Zutter et al., 1998; Motokura et al., 1991; Tsujimoto et al., 1984; Cleary et al., 1985) . Indeed, the translocational partners are commonly con®ned to Ig genes in these translocations. On the other hand, the partner chromosomes of 3q27 translocation are heterologous and not always restricted to Ig loci . Preliminary studies using B-cell lines have identi®ed the ttf, bob1 and histone H4 genes as partner genes, raising the possibility that partner genes other than Ig genes may be implicated in BCL6 dysregulation (GaliegueZouitina et al., 1996; Akasaka et al., 1997; Dallery et al., 1995) . However, it is still unknown whether these partner genes are recurrently fused to BCL6 by translocation and whether the other genes may be involved in BCL6 translocation. To address this question, we analysed clinical samples from NHL patients to identify the partner gene fused to the BCL6 gene using 5'-rapid ampli®cation of cDNA ends (5'-RACE) and long and accurate (LA)-PCR.
Results

Identi®cation of translocational partner genes by 5'-RACE
Genomic Southern blot analysis was performed using the ST-1 probe (Miki et al., 1994b) to select specimens showing BCL6-gene rearrangement. Eighteen of 98 specimens exhibited rearrangement and these 18 specimens were subjected to 5'-RACE analysis to identify the 5'-end of each fusion transcript. A 5'-RACE product was detected in all 18 specimens. Subsequent analysis of the sequences fused to the 5'-end of the second exon of each BCL6 gene detected fusion transcripts (5'-partner/BCL6-3') in 14 of the 18 specimens, whereas in the other four, the sequences of the 5'-end of the second exon were identical to those of the ®rst exon or the ®rst intron of the BCL6 gene. In nine of the former specimens, the sequences detected by 5'-RACE were identical to those of the IgH gene and those of the other four were identical to the pim-1, MHC class II transactivator (CIITA), transferrin receptor (TFRR) and eukaryotic initiation factor 4All (eif4All) genes. Furthermore, in one specimen, unknown sequence was fused to BCL6. In order to determine the origin, we screened a cDNA library prepared from the Ramos cell line using the sequence as a probe and found that it corresponded to part of the 5' untranslated region of the ikaros gene.
Identi®cation, by the LA ± PCR, of the breakpoints in the 5'-partner/BCL6-3' and 5'-BCL6/partner-3' reciprocal fusion genes Next, in order to identify the genomic breakpoints in the 14 specimens in which the partner gene was detected by 5'-RACE, we subjected the genomic DNAs to the LA ± PCR to amplify the sequences anking the breakpoint (5'-partner/BCL6-3'). The DNA fragments containing breakpoints were successfully ampli®ed from 11 of the 14 specimens and the breakpoints were clustered within 2.2 kb in the 5'-region of the ®rst intron of the BCL6 gene ( Figure  1 ). When the BCL6 gene was recombined with the IgH gene, the breakpoints were concentrated in the switch region of the IgH gene. However, it was dicult to identify the precise position of the breakpoint, because the switch region contains highly repetitive sequences. However, when the BCL6 gene was recombined with partner genes other than Ig genes, the breakpoints were clustered in the ®rst intron of each partner gene (data not shown).
Conversely, the genomic sequences¯anking the breakpoints resulting from reciprocal translocation (5'-BCL6/partner-3') were ampli®ed using forward and reverse primers designed to complement the ®rst intron of the BCL6 gene and the sequences of the partner genes downstream of the breakpoint in each case, respectively (see Materials and methods). As shown in Figure 2 , the DNA fragments containing breakpoints were successfully ampli®ed in ®ve cases, suggesting that these fusion genes such as 5'-BCL6/pim-1-3', 5'-BCL6/CIITA-3', 5'-BCL6/eif4AII-3', 5'-BCL6/ikaros-3' and 5'-BCL6/IgH-3' were generated by reciprocal translocation in each case, respectively. Furthermore, genomic Southern blot analysis using sequences adjacent to the breakpoint in the BCL6 gene and in the partner genes as probes revealed that both probes hybridized with a rearranged band of the same size (Figure 3 ), suggesting that these translocations had occurred clonally in each tumor, but not in normal cells mingled with lymphoma cells in each sample.
Sequence alignment of the breakpoint junctions of the fusion genes
As shown in Figure 2 , analysis of the sequences anking both breakpoints derived from reciprocal translocation yielded the following results. First, consistent with previous reports (Ye et al., 1995; Suzuki et al., 1994) , no sequence homology was found around the breakpoints between the BCL6 gene and each partner gene. Second, neither the nonamerheptamer recombination signal sequence (RSS) nor the chi-sequence (GCTGGTGG), which has been reported to be implicated in BCL2 translocation, was detected around the breakpoint (Wyatt et al., 1992) . Third, sequences adjacent to the breakpoint only showed homology with the switch region when the partner was the IgH gene. However, we found that 7 ± 194 bp deletions from the breakpoints in the BCL6 gene in the three specimens in which reciprocal translocation had occurred (Figure 2 ). Furthermore, we also found that 16 bp sequences in close proximity to the breakpoint in the BCL6 gene were duplicated in both reciprocal 5'-CIITA/BCL6-3' and 5'-BCL6/CII-TA-3' fusion genes (Figure 2) .
Discussion
The present analyses of DLBLs with BCL6 translocation revealed that the translocation partner genes were not con®ned to the Ig gene, but rather, in about half of the cases, the BCL6 gene was fused to heterologous partner genes including pim-1, CIITA, eif4AII, transferrin receptor and ikaros. Interestingly, the translocational breakpoints in the heterologous partner gene were con®ned to the ®rst intron or the second exon. Accordingly, these translocations resulted in replacement of the endogenous promoter and the ®rst exon of the BCL6 gene with the promoter and the ®rst exon or both the ®rst and second exon of the partner gene, leading to expression of the partner/BCL6 fusion transcripts from these fusion genes. This ®nding may support the hypothesis proposed by Ye and Chen (Ye et al., 1995; Chen et al., 1998 ) that the substituted On the other hand, another interpretation may also be possible for the consequences of BCL6 translocation. It has been reported that the sequences within the breakpoint-clustering region in the ®rst intron of the BCL6 gene are well-conserved in more than species (Bernardin et al., 1997) and the breakpoints found in our study were concentrated in these regions. Furthermore, mutations and deletions of the BCL6 gene are clustered within these regions (Bernardin et al., 1997) . Thus, these results raise a possibility that these regions may be implicated in regulation of BCL6 gene expression. If so, deletion of these sequences may be implicated in BCL6 dysregulation, regardless of the substituted promoter. Indeed, in the case of c-myc translocation, it has been reported that a region spanning the ®rst exon-®rst intron junction is selectively mutated and to these sequences a protein is believed to bind and to regulate c-myc expression (Zajac-Kane et al., 1988) .
The mechanism by which promiscuous partner genes are selected for BCL6 translocation is still unclear. In the case of rearrangement of the other oncogenes including c-myc, BCL1 and BCL2 in NHLs, it has been reported that the translocation partners are strictly con®ned to IgH or L genes (Tsujimoto, 1993; DallaFavera, 1993; Motokura et al., 1991) and that the breakpoints in the Ig gene are always located in the V(D)J region or the switch region. Based on these ®ndings, these translocations have been thought to occur as the by-products of V(D)J or class-switch recombination. With respect to BCL6 translocation, Ye et al. (1995) proposed that, as the translocational breakpoints of 3 specimens with t(3;14)(q27;q32) were located in the switch region, BCL6 translocation in these specimens may have been a by product of switch recombination. In our study, in half of the specimens with the BCL6 translocation, the breakpoints were concentrated in the switch region of the IgH gene, suggesting that a switch recombination process plays a role in IgH gene scission. This ®nding lends some support to the hypothesis put forward by Ye et al. (1995) . However, in our remaining specimens, the BCL6 gene was fused to heterologous partners other than Ig genes. Furthermore, in these specimens, the sequences adjacent to the breakpoint showed no homology with the switch region, V(D)J RSS or the chi sequence, which is thought to be involved in BCL2 translocation (Wyatt et al., 1992) . Thus, BCL6 translocation does not appear to be attributable only to faulty switching, or V(D)J-or chi-sequence-mediated recombination, but rather, another mechanism may also be responsible for BCL6 translocation. Recently, the BCL6 gene has been reported to be a physiological target for somatic hypermutation in GC B cells (Shen et al., 1998; Pasqualucci et al., 1998) . Interestingly, a small proportion of the BCL6 deletions in the mutation clustering region have also been detected in normal GC B cells (Pasqualucci et al., 1998) , suggesting that scission of the double-strand DNA in the BCL6 gene, as well as in the IgV gene, occurs in normal GC B cells. In the light of these results, it is an interesting speculation that the mechanism for somatic hypermutation of the BCL6 gene may also be implicated in BCL6 translocation in some cases, as has been suggested for c-myc translocation Goossens et al., 1998) , although unknown mechanisms may participate in the BCL6 translocation in these cases. In addition, all of the heterologous partner genes found in our study and other group's study were also highly expressed in B cells, especially at the stage of GC B cell dierentiation (Chen et al., 1998; Yoshida et al., unpublished) . It is unknown whether active transcription of both the BCL6 and the translocation partner genes is involved in the molecular mechanism of BCL6 translocation. Further studies will be needed to address this question.
Our present study showed that 5'-RACE can be applied to the analysis of clinical biopsy samples. DLBL has been thought to have multiple subtypes which are primarily distinct in their pathogenesis, because the histological phenotype, the immunophenotype and even the clinical manifestation of DLBL are very heterogeneous (Harris et al., 1994) . Recently, Ot et al. (1994) have reported that BCL6-rearrangement is a marker for good prognosis in DLBL, but Bastard et al. (1994) argued against this proposal on the basis of their clinical data. Thus, it is still controversial whether BCL6 translocation may aect patients' outcome. Analyses of BCL6 translocation using 5'-RACE may clarify the heterogeneity of DLBLs. On the other hand, in four cases with BCL6 gene rearrangement, we could not detect 5'-partner/BCL6-3' transcripts by 5'-RACE, although the wild type BCL6 transcripts were detectable. This discrepancy may be explained as follows: (1) internal deletions within the enzymatically digested DNA fragments may result in rearranged bands on Southern blot analysis; (2) a mutation or a deletion at the recognition site of the restriction enzyme may result in rearrangement; (3) the expression of the 5'-partner/BCL6-3'-fusion transcripts may be at an undetectable level in 5'-RACE; (4) contamination of a large proportion of normal cells in the specimen may also result in failure to detect the fusion transcripts. Further studies will be required to address this issue.
Materials and methods
Tissue samples
The tissue specimens used in this study consisted of nonneoplastic human tonsils from patients undergoing tonsillectomy for reactive tonsillar hyperplasia and tumor biopsy specimens from 87 NHL patients and of 11 NHLs engrafted and maintained in mice with severe combined immune de®ciency (SCID mice). Immediately after resection, the tonsils and NHL biopsy specimens were snap-frozen by immersion in n-hexane precooled with dry ice-acetone and stored at 7808C until required for use. The NHLs were classi®ed according to the Revised European-American Classi®cation of Lymphoid Neoplasms (REAL) (Harris et al., 1994) .
5'-Rapid ampli®cation of cDNA ends (5'-RACE)
In order to identify the partner gene fused to BCL6, a 5'-RACE kit (Version 2.0, Gibco-BRL; Gaithersburg, MD, USA) was used. First-strand cDNA was synthesized from the total RNA using a BCL6-speci®c primer, Rev1 (5'-CAAGTGTCCACAACATGC-3'), according to the manufacturer's instructions. Then, a homopolymeric tail was added to the 3'-end of the cDNA using TdT and dCTP and the dCtailed cDNA was ampli®ed using the abridged anchor primer supplied in the kit and a BCL6-speci®c nested primer, Rev2 (5'-TGGATACAGCTGTCAGCCGGCG-3'). After reampli®cation of the primary polymerase chain reaction (PCR) product using an AUAP primer supplied in the kit and a BCL6-speci®c nested primer, Rev3 (5'-GCGAGGC-CATTTTGTCTTC-3'), the 5'-RACE product was cloned using an Original TA Cloning kit (Invitrogen; NV Leek, The Netherlands).
Long and accurate PCR (LA ± PCR)
In order to identify the translocational breakpoint in each sample in which fusion transcripts were detected by 5'-RACE, the sequence of the genomic DNA¯anking each breakpoint was ampli®ed by the LA ± PCR using forward primers designed to complement the sequences of the partner gene detected by 5'-RACE and reverse primers designed to complement the ®rst intron of the BCL6 gene. The following forward primers were designed to complement the sequences of the partner genes detected by 5'-RACE: pim1-f, 5'-TTGT CCAAAATCAAC T CGCTTGCCCACCTGCGCGC-3'; ikaros-f, 5'-ATTTGTGTGGAAAAGGCAGCTCTCACT-TGGCCTTG-3'; tfrr-f, 5'-AGAGCGTCGGGATATCGGG-TGGCGGCTCGG-3'; CIITA-f, 5'-TTCCTACACAATGCG-TTGCCTGGCTCCACGCCCTG-3'; eif4All-f, 5'-GTGGTT-TTTCGGATCATGTCTGGTGGCTCCGCGG-3'; IgHsg-f, 5' -TGC CCA CCC AGT GCGAGACGACGGGGACCG -3'; IgHsm1-f, 5'-GATTCCATGCCAAAGCTTTGCAAGGCT-CGCAG-3'; IgHsm2-f, 5'-TTGGTGCAGAAGATATGCT-G-3' and IgHsm3-f, 5'-GAGCTGGGCTAAGTTGCACCA-GGTGAGCTG-3'. The following reverse primers were designed to complement the ®rst intron of the BCL6 gene: bcl6-1-r, 5'-ACAGAGTCACGCAGCGCCCAAAATACAA-ACAC-3'; bcl6-2-r, 5'-GGCAACGCAACCCACAGTTCT-CAAGACATTTA-3' and bcl6-3-r, 5'-ATCGCTCAGAGC-CACAAACTGTATTTCTAAAC-3' (Bernardin et al., 1997). Next, in order to identify the breakpoints resulting from reciprocal translocation, the forward primers for the BCL6 gene and the reverse primers for the CIITA, pim-1, eif4All, ikaros and IgH genes were used. The sequences of these primers were: bcl6-1-f, 5'-TTTGGATCCCTCTTGC-CAAATGCTTTG-3'; bcl6-2-f, 5'-TTTGGATCCGATGA-GATGAAGTATCGTG-3'; bcl6-3-f, 5'-TTTGGATCCCCT-GCGATGCCTTTCAGTG-3'; bcl6-4-f, 5'-TTTGGATCCCC-CTTCCCCTGTCCTTCTG-3'; CIITA-r, 5'-CAGGAGC-TAGGGAGCCACTTGGGCAAGTGATCTGC-3'; pim1-r, 5'-CGGCAAGTTGTCGGAGAC-3'; eif4All-r, 5'-TGCCAC-GAAGGAGAGACTC-3'; ikaros-r, 5'-GTAAATCGAAG-CAAACATACACAAC-3'; and IgH-r, 5'-TGGGAGTGAG-TATAGGGAGGGTGAGTGTGATG-3'. For LA-PCR analysis, a TaKaRa LA PCR TM Kit Ver.2 (TAKARA, Kyoto, Japan) was used and the reaction was carried out according to the manufacturer's instructions.
Probes for genomic Southern blot analysis
In order to generate probes for genomic Southern blot analysis of the specimens in which BCL6 was rearranged, the PCR was performed to amplify the sequences of the partner gene adjacent to the breakpoint in each specimen. The sequences of the primers were: for the 5'-CIITA/BCL6-3' fusion gene, CIITA (+), 5'-GGAGTCAGCCTTGAGGTG-TA-3', and CIITA (7), 5'-AGTCCACCTCCGAGGGCA-CA-3'; for the 5'-pim-1/BCL6-3' fusion gene, pim1 (+), 5'-AACTCGCTTGCCCACCTG-3', and pim1 (7), 5'-CGCCTGGTACTGCGACTCC-3'; for the 5'-ikaros/BCL6-3' fusion gene, ikaros (+), 5'-TAGGTTTGTTGAGAGAG-CAA-3', and ikaros (7), 5'-TATGTTTAACAACCTGA-GAT-3' and for the 5'-eif4All/BCL6-3' fusion gene, eif4All (+), 5'-TTCGGATCATGTCTGGTGGC-3', and eif4All (7), 5'-CTTTCCCGTGGTCTACACT-3'. The DNA fragment adjacent to the breakpoint of the BCL6 gene was generated by subcloning the Sacl-digested DNA fragment (897 bp). The resulting PCR products, probe CIITA (808 bp), probe pim1 (218 bp), probe ikaros (817 bp), probe eif4All (312 bp), respectively, were subcloned and sequenced. In order to prepare the probe TFRR (416 bp), the PCR product¯anking the breakpoint was digested with EcoRI and SmaI and the resulting 416 bp DNA fragment was cloned and then used for genomic Southern blot analysis.
Southern blot analysis
Genomic DNA was prepared from biopsy specimens as described previously (Onizuka et al., 1995) . For Southern blotting, 10 mg genomic DNA was digested with BamHI, XbaI, HindIII, EcoRI, PstI or BgIII (TAKARA, Kyoto, Japan), electrophoresed using 1% w/v agarose gel and transferred to a nylon membrane ®lter (Pall Biodyne Transfer Membrane; PALL Biosupport, East Hills, NY, USA). Then, each ®lter was hybridized with each 32 P-dCTPlabeled probe, washed and autoradiographed, as described previously (Onizuka et al., 1995) .
